Abstract: Animal vocalizations are good examples of signals that have been shaped by sexual selection and often contribute to resolve contests or the choice of mates. We relate the mass of the sound-producing muscles of a highly vocal fish species, the Lusitanian toadfish (Halobatrachus didactylus (Bloch and Schneider, 1801)), with the sender's physical features, such as body size, and reproductive and body condition. In this species, both sexes are known to emit sounds during agonistic interactions and males rely on their mate attraction vocalizations to reproduce. Sonic muscles were highly variable among males (CV = 40%) and females (CV = 33%) and showed sexual dimorphism. Regression analysis showed that variability in the sonic muscles was best explained by total length and fish condition in males and females. Liver mass in both genders, and the mass of the testes accessory glands, also explained sonic muscle variability. These variables explained 96% and 91% of the sonic muscle mass variability in males and females, respectively. As in teleost fishes sonic muscle mass correlates to particular sound acoustic features, we propose that in the Lusitanian toadfish sounds can inform the receiver about the sender's quality, such as body size and condition, which are critical information in contests and mate choice.
Introduction
Exaggerated sexual secondary male traits have evolved under sexual selective pressure through male-male competition, mate choice, or both (Andersson 1994) . Animal vocalizations are good examples of such traits (Andersson 1994; Bradbury and Vehrencamp 1998) , and empirical evidence has shown that acoustic signals may influence the outcome of male contests or be subject to female preference in various taxa (e.g., Davies and Halliday 1978; Hasselquist et al. 1996; Márquez et al. 2008) .
In order for communication to be adaptive, signals should convey honest information. Signals are expected to be reliable if they are costly, and costly signals are likely to impose even more constraints to animals in poor condition (Zahavi 1975; Grafen 1990 ). Alternatively, honest signals can be relatively cost-free if signallers and receivers share a common interest (in this case any signaller can do it), or if physical or physiological constraints determine the quality of the signal (indices of quality) (reviewed in Maynard Smith and Harper 2003) . Vocal displays by ectothermic vertebrates are thought to be one of the most energetically costly activities (Taigen and Wells 1985; Prestwich 1994 ; but see Amorim et al. 2002) , and costs are determined mostly by duration, amplitude, and rate of calling (Prestwich 1994) . Hence, these features can potentially be honest indicators of the sender's quality. Further, some acoustic features of vocal displays are dependent on male's characteristics, such as size, being a reliable predictor of fighting ability or mating success (e.g., Bee et al. 1999; Márquez et al. 2008 ).
Many species of teleost fish use acoustic signals during male-male competition and mate attraction (Ladich 2004; Amorim 2006) , and are thereby expected to be subject to sexual selection pressure (Andersson 1994) . Although fish sounds do not seem energetically expensive (Amorim et al. 2002) , calling activity seems limited by physiological constraints such as fatigue resistance (Mitchell et al. 2008) , making a high rate of sound production physiologically challenging. Some acoustic parameters are also intimately related to increased fish size, such as lower sound dominant frequency, higher sound amplitude, and increased pulse duration observed in larger fish (Myrberg et al. 1993; Connaughton et al. 2000) . This evidence further suggests that calling rate and particular acoustic parameters can honestly signal the sender's quality in male contests and in courtship.
A major mechanism of sound production in fish is the rhythmical vibration of the swim bladder by the action of specialized rapid sonic muscles (Ladich and Fine 2006) . In many species, sonic muscles show sexual dimorphism and hypertrophy during the mating season, with males showing heavier sonic muscles, with higher number of muscle fibres, and differences in the fine structure of muscle fibres (Fine et al. 1990; Brantley et al. 1993a; Connaughton et al. 2000; Modesto and Canário 2003a) . Seasonal hypertrophy and sexual dimorphism of sonic muscles are mediated by androgens (Fine and Pennypacker 1986; Brantley et al. 1993b; Connaughton et al. 2000) , which also modulate courtship behaviour (Knapp et al. 1999) . Differences in the mass of sonic muscles, and concomitant morphological changes, thus seem to parallel the increase in vocal output by males during the breeding season .
In this study we examine the possibility that fish acoustic signals can indicate the sender's quality by relating the mass of the sound-producing muscle of a highly vocal fish species with its physical features. In a first step we investigated if certain external features, such as fin size and mouth width, that are associated with agonistic displays (Vasconcelos and Ladich 2008) show sexual dimorphism. This part of the study was carried out under the premise that these could potentially be sexually selected traits and could give information on the quality of an individual (e.g., Engen and Folstad 1999) . Secondly we explored the relation between sonic muscle mass and several traits, such as any dimorphic external feature, body size, reproductive status, and body condition. We use the Lusitanian toadfish (Halobatrachus didactylus (Bloch and Schneider, 1801)) (Batrachoididae) as a model because they are versatile and prolific sound producers, and males show a pronounced increase in the sonic muscles mass and sonic activity during the breeding season (Modesto and Canário 2003a; Amorim et al. 2006; Amorim et al. 2008) . Indeed, batrachoidids, including the Lusitanian toadfish, have been models for studies of acoustic communication, as they show prolonged bouts of vocal activity, males nest in shallow water and are relatively easy to access, react to playback experiments, and have been subject to a large body of neurobiological studies (Cohen and Winn 1967; Barimo and Fine 1998; Bass and McKibben 2003; Canário 2003a, 2003b; Remage-Healey and Bass 2005) . Furthermore, batrachoidids present intra-and inter-sexual dimorphism in the brain, sonic muscle, and vocal behaviour, with territorial type I males showing reproductive singing behaviour. whereas type II males (sneakers) and females only produce agonistic calls (Bass and McKibben 2003) .
Material and methods

Study species
During the breeding season (May-July), male Lusitanian toadfish emit advertisement calls (boatwhistles) to attract females to the nests that they defend in estuarine shallow waters (dos Santos et al. 2000; Amorim et al. 2006) . Males mate with several females, and care for the fertilized eggs attached to the nest's ceiling until the young are free-swimming (dos Santos et al. 2000) . Besides the boatwhistle, three other sound types are commonly produced by nesting males: grunt trains, long grunt trains, and double croaks, as well as other less frequent sound emissions such as croaks and mixed croak-grunt calls (Amorim et al. 2008 ). Similar to other batrachoidids, this species presents sexual polymorphism with two male morphotypes that differ in morphometric and endocrine characteristics, as well as in vocal behaviour. Nest-guarding males (type I) differ from sneaking males (type II) by having smaller testes (sevenfold), larger accessory glands (threefold; the accessory glands are part of the male reproductive apparatus, secrete mucosubstances, and are connected to the spermatic duct), and higher (sixfold) 11-ketotestosterone levels Canário 2003a, 2003b) . Females and sneaker males are only known to emit grunt trains and females show lighter sonic muscles than males, with type II males presenting intermediate sonic muscle mass to females and type I males (Modesto and Canário 2003a) . Sonic muscles of type I males, but not of type II males or of females, experience hypertrophy during the breeding season (Modesto and Canário 2003a) , mirroring an increase in vocal activity ).
Specimen and sample collection
Fish samples were collected by trawling, angling, and hand capture by local fishermen during the months of June, August, and September in 2003 and from April to September in 2004 from Tagus estuary, areas of Montijo (38842'N, 8858'W) and Barreiro (38839'N, 9804'W) . Specimens were kept frozen in the laboratory until measured. This sample included both reproductive (40.5% of males and 76.5% of females) and nonreproductive specimens, since the breeding season typically lasts from May to July (Modesto and Canário 2003a) .
To investigate the existence of sexual dimorphism in external morphological traits involved in agonistic displays, we took the following measurements: mouth width (MW, maximum width of the lower lip); pectoral fin length (PL, base of the pectoral fin to the tip of its largest ray); ventral fin length (VL, base of the ventral fin to the tip of its largest ray); and dorsal fin length (DL, length of the largest fin ray of the first dorsal fin). All mouth and fin measurements were made to the nearest millimetre with callipers.
Gonad (M G ; Fig. 1A ), accessory glands (in males, M AG ; Fig. 1A ), and liver (M L ) mass were tallied to the nearest milligram. Both sonic muscles, which are embedded in the sides of the swim bladder (Figs. 1A, 1B), were gently cut from the swim-bladder wall with a pair of fine dissection scissors and were also weighed (M SM ) to the nearest milligram. We also obtained total length (TL), measured to the nearest millimetre, and eviscerated body mass (M E ), measured to the nearest gram.
Males (n = 79) used in this study were 33.04 ± 5.9 cm TL (mean ± SD; range 17.4-44.5 cm TL) and weighed 629 ± 303.1 g (range 84-1421 g) in eviscerated mass, whereas females (n = 34) were 27.02 ± 3.5 cm TL (range 18.7-33.8 cm TL) and weighed 304 ± 109.0 g (range 107-547 g) in eviscerated mass. All males were likely type I males. Type II males were not considered in this analyses because they were captured in very small quantities (n = 2).
Statistical analysis
We ran analysis of covariance (ANCOVA) to explore the existence of differences between sexes for fins (PF, VF, and DF) and mouth width (MW) variables, controlling for body size (TL). Initial analyses included an interaction term, which was subsequently removed because it was not significant in all cases. We log 10 -transformed the dependent variables (fin length and mouth width) and TL to meet the assumptions of the models. Kolmogorov-Smirnov tests confirmed that the assumption of normality was met in all analyses.
To quantify sonic muscle mass variability we calculated the mean ± SD (range), as well as the coefficient of variations (CV = (SD/mean) Â 100), for males and females. Sexual dimorphism in sonic muscle mass was tested with ANCOVA with logM SM as the response variable, sex as the factor, and logM E as the covariate. As above, the interaction term was not included in the final model because it was not significant.
We fitted a multiple regression model with a stepwise procedure to explain variation in sonic muscle mass (dependent variable). We considered VL and DL in the initial model, as they were sexually dimorphic (see results). We included TL in the model as a metric of body size. We also considered the mass of gonads, accessory glands (in males), and liver as independent variables. We controlled for the influence of body size on M G by using residuals of the simple linear regression of M G on M E (RM G ) in the multiple regression model. We considered the eviscerated mass (M E ) to represent body mass because it is independent of M G , M AG , and M L . Likewise, we controlled for the influence of size on variations of M AG (males only) and M L by regressing these variables on M E (RM AG and RM L , respectively). Similarly, we used the residuals of the regression of M E on TL (COND) as a metric of condition. Positive residuals indicate that males are heavier than predicted and have good body condition, whereas negative residuals represent animals with poor condition. We log 10 -transformed TL and mass data both in the simple and in the multiple linear regressions to meet the assumptions of normality and to linearize allometric relationships. Separate models were fitted for males and females. All model assumptions were met for both male and female models. All model residuals were normally distributed. Additional residual analysis was performed using DurbinWatson statistics (males = 2.08 and females = 1.83), residuals autocorrelation plots, and multicolinearity tests between all used variables.
All statistical analyses were performed using R version 2.8.0 (R Foundation for Statistical Computing, Vienna, Austria) and SPSS version 16.0 for Windows (SPSS Inc., Chicago, Illinois, USA).
Results
External morphological sexual dimorphism
Mouth width and pectoral fin length did not differ between males and females (ANCOVA; MW: F [1, 110] = 2.10, P > 0.05; PF: F [1, 110] = 2.59, P > 0.05), but the ventral and the dorsal fins were longer in females, controlling for body length (ANCOVA; VF: F [1, 110] = 14.32, P < 0.001; DF: F [1, 76] = 5.74, P < 0.05) (Fig. 2) . The covariate TL had a significant effect on mouth width and fin length, which increased with body length (ANCOVA; MW: F [1, 110] Fig. 2 ).
Sonic muscle variability
Sonic muscle mass showed considerable variation among males (11.09 ± 4.43 g, range 1.68-20.93 g) and among females (5.26 ± 1.75 g, range 1.74-8.71 g). Coefficient of variation for this parameter was 39.9% in males and 33.2% in females. Moreover, sonic muscle mass showed significant dimorphism between sexes (Fig. 3) The best multiple regression model fitted with a stepwise procedure (males: F [4, 74] = 447.4, P < 0.001, r 2 = 0.96; females: F [3, 30] = 105.6, P < 0.001, r 2 = 0.91) included TL, condition, and liver mass (RM L ) as explanatory variables in both male and female models ( Table 1 ). The residual accessory gland mass (RM AG ) was also included as a significant independent variable in the final model for males. Body length was the first variable included in the models and explained most of the variance of sonic muscle mass both for males (88.7%) and females (81.9%) (Fig. 4A) . Condition (COND) explained an additional 6% of its variance in males and 7.1% in females (Fig. 4B) . The remaining variability explained by the final models was accounted by accessory gland and liver mass in males (1.4%; Figs. 4C, 4D ) and by the liver mass (2.4%) in females (Fig. 4C) .
Discussion
Sexual dimorphism in external morphological traits and in sonic muscle mass
We examined the existence of sexual dimorphism in external morphological traits and in sonic muscle mass, which are associated with visual and acoustic signals used during social interactions. In the breeding season, male Lusitanian toadfish defend territories centred in the nest by displaying erected fins (dorsals and pectorals), the mouth wide open, and the body raised on the pelvic fins (Vasconcelos and Ladich 2008) . Territorial defence also includes chasing the intruder, biting, and mouth locking (M.C.P. Amorim and R.O. Vasconcelos, personal observation). Because the reproductive success of males depend on their ability to hold good territories, it is plausible to hypothesize that sexual dimorphism in fin and mouth size could have evolved through sexual selection favouring males with traits that are advantageous in agonistic displays (Andersson 1994) , such as found in other teleosts (e.g., Oliveira and Almada 1995) . Likewise, acoustic displays seem to play a major role in both agonistic and courtship contexts in the Lusitanian toadfish (dos Santos et al. 2000; Amorim et al. 2006) , and males with heavier sonic muscles should also be favoured. We found differences between gender in dorsal and ventral fins but not in the pectoral fin or in mouth width. Curiously, females had longer dorsal and ventral fins than males, contrary to the expected if these fins would have an important role in the outcome of agonistic interactions. There is, however, a moderate inter-and intra-sexual size dimorphism in body size with only type I males being found at larger sizes (Modesto and Canário 2003b; Fig. 2 in this study), suggesting that a large body size is an advantage for nesting males during territorial defence. We also observed sexual dimorphism in the sonic muscles, with males having significantly heavier sonic muscles than females at a given length (approximately 25% for mean TL of 30 cm), in agreement with the findings of Modesto and Canário (2003a) . Consistently, external sexual dimorphism in other batrachoidids is restricted to differences in body size and to the shape of the urogenital papilla (Brantley and Bass 1994 ), but differences in sonic muscle mass between sexes can amount to 600% in plainfin midshipman (Porichthys notatus Girard, 1854), owing to the different acoustic activity shown by different gender and male Fig. 4 . Relation between the sonic muscle mass (MSM) and the independent variables used in the regression model for male (*) and female (*) Lusitanian toadfish (Halobatrachus didactylus): (A) total length (TL), (B) condition (COND, the residuals of eviscerated body mass on total length), (C) residuals of liver mass on eviscerated body mass (RM L ), and (D) residuals of accessory gland mass on eviscerated body mass (RW AG, for males only). In (B), (C), and (D), the y axis represents the residuals from M SM regressed on TL, i.e., sonic muscle mass with the effect of TL removed.
morphotypes (Brantley and Bass 1994) . This evidence suggests that in the Lusitanian toadfish and in other batrachoidids, acoustic signals and body size may reveal information about individual quality during contests and mate choice. In many species, body size and sexual secondary male traits such as acoustic signals can directly affect the outcome of male-male contests and mating success (e.g., Davies and Halliday 1978; Castellano et al. 2000) . The sexual dimorphism in sonic muscle mass found in this study is consistent with the findings of Modesto and Canário (2003a) , which reported that swim-bladder mass (swim bladder plus embedded sonic muscles) shows sexual polymorphism, i.e., it is larger in type I males, intermediate in type II males, and smaller in females. Sexual dimorphism in the swim bladder, sonic muscle fibres, and neural circuitry of sound production is typical among batrachoidids (Fine et al. 1984 (Fine et al. , 1990 Modesto and Canário 2003b; see review in Bass and McKibben 2003) and suggests that acoustic communication plays a prevalent role over other channels of communication and is essential for reproduction in the Lusitanian toadfish as in other batrachoidids (Bass and McKibben 2003) . Curiously, we found that the CV for sonic muscle mass in males was only 7% higher than in females. Considering that our samples included nonspawners and that only males experience sonic muscle hypertrophy associated with the breeding season (Modesto and Canário 2003a) , it was expected that females would show less variability than males in the mass of sonic muscles. The lack of a sharper difference between genders could reflect the relatively low sonic muscle sexual dimorphism and also the possibility that females have a higher vocal activity than traditionally described.
Traits affecting sonic muscle variability
This study showed that there is considerable variation in sonic muscle mass both in males (CV = 40%) and in females (CV = 33%). Multiple regression analysis revealed that body length and condition were good indicators of sonic muscle mass in both gender. These results are consistent with those of Modesto and Canário (2003a) , which showed that swim-bladder mass increases with body size (eviscerated body mass) in mature and immature specimens of this species. Accordingly, swim bladder and associated sonic muscles show continuous growth in other batrachoidids (Fine et al. 1990; Brantley et al. 1993a) . Sonic muscle mass of spawning cod has also been reported to be positively associated not only with body size and condition but also with fertilization potential (Rowe and Hutchings 2004) , suggesting that acoustic features associated with sonic muscle mass also reveal information about individual quality in this vocal species. Likewise, in other taxa, acoustic cues such as sound frequency or acoustic repertoire size are related to body mass and (or) condition (e.g., Davies and Halliday 1978; Clutton-Brock and Albon 1979; Mager et al. 2007 ). For example, male common loons (Gavia immer (Brünnich, 1764)) in better condition and of larger body mass produce lower frequency sounds (yodels) during territorial defence (Mager et al. 2007 ). Mager and colleagues have shown with a playback experiment that lower frequency calls elicit stronger reactions from receivers, suggesting that dominant frequency of the yodel may honestly communicate fighting ability (Mager et al. 2007 ).
Residuals of liver mass gave a minor (1%-2%) but significant contribution to explain sonic muscle mass variability in both genders of Lusitanian toadfish. Both condition and hepatosomatic indices (analogous to the residuals of eviscerated body mass and liver mass used in the present study) are thought to represent good measures of condition in fish (Chellappa et al. 1995) and show minimal values at the end of the breeding season in the Lusitanian toadfish, probably associated to gamete production in females and to the increased metabolic needs of territorial defence and vocal activity in males (Modesto and Canário 2003b) . Likewise the residuals of accessory gland mass contributed to sonic muscle mass in males. These glands are responsible for the exocrine production of mucosubstances, which seems to be a common feature of batrachoidids and of many other teleost species, and are thought to embed sperm and create sperm trails to reduce sperm dispersion (Barni et al. 2001) . This would increase the chances of fertilizing females eggs in the nest by type I males, who have considerable larger accessory glands than type II males (Modesto and Canário 2003b) . Nesting males with larger accessory glands may therefore gain higher chances of providing parental care to a higher percentage of own offspring than males with smaller accessory glands. Interestingly, the residuals of gonad mass did not enter in the final model, although it shows a similar seasonal variation as sonic muscle and accessory gland mass (Modesto and Canário 2003a) .
Acoustic signals have a relevant role in the mating system of different taxa, allowing animals to convey information about their quality as mates, competitors, or both (Andersson 1994) . Although fish are probably the largest group of sound-producing vertebrate, having evolved an outstanding variety of sonic organs, the functional role of their signals remains largely unknown, especially when comparing with the wealth of knowledge existent for other taxa (Ladich 2004; Ladich and Fine 2006 ). The present study shows that the variability of the sonic muscle mass could indicate individual quality in the Lusitanian toadfish, namely larger body size and better condition (somatic and liver) in both males and females and larger accessory glands in males. In batrachoidids, larger males with heavier sonic muscles show higher calling capabilities and emit sounds with higher amplitude (Fine et al. 2001; Vasconcelos and Ladich 2008) . Frequency of sound is imparted by sonic muscle contraction rather than swim-bladder resonance, and it does not vary with fish size in the oyster toadfish (Opsanus tau (L., 1766)) (Fine et al. 2001) , although grunt dominant frequency decreases with fish size in the Lusitanian toadfish (Vasconcelos and Ladich 2008) . Females approaching a Lusitanian toadfish chorus could thus potentially select a better quality male based on acoustic cues, such as calling rate or call amplitude. Likewise males could judge their opponents based on grunt amplitude and dominant frequency. Future work is needed to associate calling rate and acoustic characteristics of sounds with sonic muscle mass and reproductive success to further support our conclusions. 
